Abstract: Poly(butylene terephthalate) (PBT) fibres were obtained by high-speed melt spinning up to a take-up velocity of 8 km/min. Fine structure formation and physical properties of these fibres were investigated. The increase of take-up velocity caused raises in both density and birefringence. In wide-angle X-ray diffraction equatorial profiles, the increase of take-up velocity can be observed in the (010) and (100) reflections of β-crystals; the reflection peaks are the sharpest at a take-up velocity of 6 km/min. The initial modulus of the fibres arises when the fraction of β-crystals is increased, while the tenacity depends more on the fraction of α-crystals, i.e., the total crystallinity. Thermal properties of high-speed spun PBT fibres were measured with differential scanning calorimetry, dynamic mechanical and thermo-mechanical analysis, etc. Endothermic curves become sharper with increasing take-up velocity, and endothermic melting peaks are shifted to higher temperature. Crystal structures are well developed in fibres obtained at higher take-up velocities. The tan δ peaks of PBT fibres tend to shift to higher temperature and the peak intensity is decreased with increasing take-up velocity, i.e., the packing density of PBT fibres is high when the take-up velocity and thus the orientation of amorphous regions is increased. The shrinkage has a tendency to decrease with increasing take-up velocity.
Introduction
Poly(butylene terephthalate) (PBT) is an important engineering polyester. It crystallizes much more easily and faster than poly(ethylene terephthalate) (PET), and these crystallization properties determine its use as an injection molding resin. Although it is more expensive than PET, its crystallization can be controlled much more easily during processing. As a fibre, it is widely used in applications because of its ability to be processed into filaments with high resilience and dyeability.
1
The crystalline structures of PBT have received considerable interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Two different crystalline forms are designated as the α and β forms. Both modifications belong to the triclinic system with the space group P 1 -C i 1 . Each unit cell contains one molecular chain; the cell dimensions are a = 4.83 Å, b = 5.94 Å, c (fibre axis) = 11.59 Å, α = 99.7˚, β = 115.2˚, and γ = 110.8˚ for the α form; and a = 4.95 Å, b = 5.67 Å, c (fibre axis) = 12.95 Å, α = 101.7˚, β = 121.8˚, and γ = 99.9˚ for the β form. The difference in fibre periods of the two crystalline forms is ascribed to a conformational change of a four-methylene group sequence in both forms: it is approximately GGTGG for the α form and TSTST for the β form (G: gauche, 88°; T: trans, 180°; S: sinister, 113°). The phenomena of double orientation and tilting were observed as in the case of PET and discussed in connection with the crystal structures.
The relaxation behaviour of the β phase of PBT has been studied by Perry et al. [12] . PBT undergoes a unique reversible crystalline α to β phase transition when uniaxially drawn. The strained (β) phase of PBT was obtained in a metastable form by cold drawing a fibre sample approximately 250% (>50% crystallinity). 13 C relaxation measurements involving spin-lattice relaxation in the rotating frame, T 1ρ , indicate that the aromatic rings in the β phase possess more molecular motion than those in the α phase. The interior methylenes have motions of greater frequency and/or amplitude with respect to the exterior methylenes in both phases. Ward et al. [16] investigated the existence of stable β form crystallites in oriented PBT. Wide-angle X-ray diffraction (WAXD) suggested that such crystallites are only stable provided that they are of comparatively small dimensions and that they are then poorly connected to the bulk polymer. A simple theoretical model was presented to explain the stability of the crystals in terms of the contributions to the free energy from both the crystallites and the surrounding amorphous material. This model, which shows that the stability of the crystallites depends on their shape, is based on the idea that relaxation to the α form can involve a smaller reduction in the free energy of the crystallite than an increase associated with deformation of the adjacent amorphous region.
On the other hand, Spruiell et al. [22, 23] carried out an on-line study of structure development during PBT melt spinning. The range of take-up velocities was 1500 to 4500 m/min. Online measurements included diameter, temperature, birefringence and tension, and diameter thinning (necking) was observed at take-up velocities of 3500 and 4500 m/min. Ward et al. [24] employed the concept of drawing of a molecular network to derive a total network draw ratio from the combination of two deformations occurring in the production of PBT fibres by the consecutive processes of melt spinning and cold drawing. In their work, measurements of density, birefringence, mechanical properties, and WAXD, which have been made on melt-spun fibres and drawn fibres, are described. There are no detailed reports dealing with the thermal analysis of PBT fibres spun with various take-up speeds.
Therefore, in this study PBT fibres were produced by high speed melt spinning up to a take-up velocity of 8 km/min. The concept of variation of take-up velocities has been used here to analyze the resulting as-spun PBT fibres and to determine whether there are any effects of crystal structure that modify the fibre properties. Fine structure and physical properties of these fibres were investigated through density, WAXD, birefringence, differential scanning calorimetry (DSC), dynamic mechanical and thermo-mechanical analysis (TMA), tensile tests, etc.
Experimental part

Material and spinning
PBT pellets having an intrinsic viscosity of 0.85 dL/g were dried at 110°C during 8 h in a laboratory vacuum oven, and then were spun using extrusion systems with a single hole spinneret (0.5 mm diameter) at 275°C and were extruded at a total mass flow rate of 5 g/min. Samples were prepared with take-up velocities of 1 to 8 km/min.
Characterization
Linear density
Linear densities were calculated from measurements of the mass per unit length of fibre. Denier is the mass of fibre in grams per 9000 m of length.
Density
The density of the as-spun PBT fibres was measured at 23°C using a density gradient method. The liquids used for the construction of the column were n-heptane and carbon tetrachloride. Weight fraction of crystallinity (X c ) was calculated via Eq.
(1), where ρ c (1.396 g/cm 3 ), ρ a (1.281 g/cm 3 ) , and ρ are the crystal, amorphous and sample densities, respectively. 100 ) (
Wide-angle X-ray diffraction WAXD measurements were performed using a Rigaku denki X-ray diffractometer (D/max-III-A-type). A nickel foil filter was used to obtain Cu-K α radiation. The intensity distribution curves on the equator were measured using a goniometer. The generator was operated at 30 kV and 15 mA. The crystal orientation function was evaluated from the azimuthal intensity distribution of well-resolved equatorial reflection lines from the (010) and (100) planes, and their quantities were calculated via Eq. (2):
where B° is the half-width of the intensity distribution of the (010) and (100) planes on the equator. Although this approach is clearly an approximate method to determine the average crystalline orientation factors of both α and β forms, it seems justified since it is relatively simple to apply and provides useful results.
The crystalline peaks were fitted with modified Lorentzian profiles [25] . Scans of the equatorial region were also fitted with four crystalline peaks.
Birefringence
Birefringence measurements were made using an Axiolab polarizing microscope (Carl Zeiss Jena) with Ehringhaus tilting compensator. The usual method is to cut a wedge in one sample and follow the black fringe with increasing optical path difference as it changes colour, thus establishing a correction procedure.
Dynamic viscoelasticity
The dynamic viscoelasticity was investigated using a Rheovibron DDV-II-C (Toyo Baldwin). Measurements were carried out over the temperature range of 30 to 200°C at 110 Hz; the heating rate was 2°C/min. The samples were held at 20 mm gauge length between two jaws.
Thermal analysis
The thermal behaviour of PBT fibres was investigated using differential scanning calorimetry. DSC was carried out over the temperature range 30 to 300°C with a Seiko DDD 220C at a heating rate of 10°C/min. The sample weight used in DSC experiments was 5 mg.
Thermal shrinkage
Thermal shrinkage behaviour was measured with a Seiko TMA 120C at a heating rate of 10°C/min. The samples with 10 mm gauge length were held between jaws at a tension of 5 g/denier, which was the minimum tension to stretch a fibre tightly.
Tensile test
Tensile testing was performed using a Tinius Olsen 1000 at room temperature. Clamp length was set at 50 mm and test speed was at 50 mm/min. Ten samples were tested at each condition and the measured results were averaged.
Results and discussion
Tab. 1 shows the linear density and the density of PBT fibres spun with various takeup velocities. The linear density decreased with increasing take-up velocity, while the density increased at the same time.
Tab. 1. Linear density and crystallinity of PBT fibres spun at various take-up velocities WAXD equatorial profiles of PBT fibres spun at various take-up velocities are shown in Fig. 1 . With increasing take-up velocity, the intensity of the diffraction peak increased. These profiles confirm that the crystalline fraction in the fibre increases with take-up velocity. This is due to stress-induced. The reflections observed at 2θ = 17.2˚ and 23.25˚ are assigned to the (010) and (100) reflections, respectively, of α-crystals, and those at 2θ =16.8˚ and 22.40˚ are ascribed to the (010) and (100) reflections, respectively, of β-crystals. If a PBT fibre is taken up at low speed, α-form crystals are formed mainly. At take-up velocities of 5 -6 km/min, (010) β and (100) β reflections are observed. This shows that an increment in take-up velocity promotes the development of the β phase. If a PBT fibre is spun with increased take-up velocity, α-form crystals are partially transformed into β-form crystals. Above 7 km/min, the shape of the diffraction profile is very broad and reflections of α-and β-crystals are mixed. WAXD results have shown that the production of α-crystals is favoured by low takeup velocity while β-crystals can be totally predominant at high take-up velocity. The growth of the α-form in the spinning process is mainly caused by thermal effects at the spinning temperature and is facilitated by orientation of the molecular chains. Peak separation of equatorial WAXD profiles of PBT fibres is illustrated in Fig. 3. Fig.  4 shows the ratio of the α-and β-form crystals of PBT fibres spun at various take-up velocities. With increasing take-up velocity, the crystallinity is increased and the amorphous fraction is decreased. In the crystal portion, this result means that β-form crystals are quantitatively predominant when increasing the take-up velocity to 6 km/min. Fig. 5 . The (010) α and (100) α planes of crystals are better oriented with increasing take-up velocity. In general, (010) α shows the methylene group arrangement and (100) α represents the benzene ring arrangement [20] . f c values of the (010) plane are greater than those of (100) at a take-up velocity of 4 km/min. 6 presents the birefringence of PBT fibres spun at various take-up velocities. The birefringence is increased till a take-up velocity of 7 km/min. PBT fibres spun above 8 km/min exhibit slightly reduced values. Nagura et al. [26] investigated the intrinsic birefringence of PBT. The resulting values for c-axis orientation of α-and β-form crystals are 0.153 and 0.215, respectively. The terephthalate residue is almost planar in both crystal forms. Therefore, the conformation mainly depends on rotation angles of the butylene residue. There is a turn of the chain direction between the butylene and terephthaloyl residues, α-form crystals having gauche-like conformations, whereas the chain in β-form crystals is almost linear because of trans conformations. For a take-up velocity of 7 km/min, birefringence is maximum. Above a take-up velocity of 7 km/min, the value is declined because the crystal structure is a mixture of α-and β-crystals. The endothermic melting peaks are sharpened with increasing take-up velocity. At the 1 km/min, other peaks besides the T m peak cannot be observed. Generally, increased spinning speeds lead to higher molecular orientation in the spun yarn prior to solidification, which in turn causes increased crystallization rates and increased crystallinity development during the spinning process. In the case of PET fibre [27] spun at lower spinning speed, the cold-crystallization exothermic peak is shown and the T cc peaks are shifted towards lower temperatures with increasing spinning speed. On the other hand, for PBT the T cc peak already disappeared at 1 km/min. This is the reason why PBT crystallizes much more readily and much faster than PET. Therefore, crystallinity increases at relatively low take-up velocity. At a take-up velocity of 4 km/min, the T m peak is shifted to higher temperature, and the T m peak of PBT fibre spun at 8 km/min is observed at 236°C. The melting temperature rises about 10°C with increasing take-up velocity, i.e., crystalline perfection is increased above a takeup velocity of 4 km/min. Plots of tan δ versus temperature for PBT fibres spun with various take-up velocities are shown in Fig. 8 . Davies et al. [28] published a paper on the dynamic mechanical behaviour of oriented PBT tapes. They reported that both the α and the β relaxation (taking place at 90 and -70°C, respectively) exhibited maximum intensity at an intermediate level of strain. The α relaxation represents the glass transition, while the β relaxation is assigned to restricted rotation around the ester or methylene links or to a cooperative wagging and rocking motion of the phenylene rings. In our study, with increasing take-up velocity, the tan δ peak is shifted to higher temperature and the intensity is decreased. The plot of tan δ for PBT fibre spun at 3 km/min shows peaks of α relaxation at about 70°C. tan δ Peak temperature is increased with increasing take-up velocity. For PBT fibre spun at 6 km/min it is observed at about 81°C. The tan δ peak of PBT fibres spun above at 7 km/min tends to shift slightly towards lower temperature. This tendency means that the packing density of PBT fibre as well as the orientation of the amorphous region increase with increasing take-up velocity. Fig. 9 shows the temperature dependence of the thermal shrinkage of PBT fibres spun with various take-up velocities. It is known that thermal shrinkage during heating is associated with chain coiling in the oriented amorphous region. Thermal shrinkage depends strongly on the degree of crystallinity and the amorphous orientation. At a take-up velocity of 1 km/min, the fibre stretches rapidly above 150°C. Especially, the rapid stretch of the fibre spun at 1 km/min shows that no network preventing the fluidlike deformation exists and that no strain-induced crystallization occurs during measurements. The PBT fibres spun at 3 -5 km/min started to shrink at about 60°C. Above a take-up velocity of 6 km/min, the shrinkage exhibits the tendency to decrease. These results mean that the dimensional stability of fibre improves with increasing take-up velocity. The shrinkage behaviour of as-spun PBT fibres has been investigated as a function of take-up velocity. As take-up velocity increases, there is first an increase, followed by a decrease in shrinkage just above c. 70°C. The increase is due to the increasing amorphous orientation; the decrease is due to the onset of crystallization during spinning. At high take-up velocity, increased orientation will tend to increase shrinkage, while increased crystallinity will tend to decrease it. Fig. 10 presents stress-strain curves and Tab. 2 shows structural characteristics and mechanical properties of PBT fibres spun at various take-up velocities. With increasing take-up velocity, strain was reduced and initial modulus and stress were increased. For take-up velocities of 1 -3 km/min, a necking point was observed. Above a take-up velocity of 4 km/min, the necking point disappeared and stress was increased. This result shows that the overall chain orientation increased with increasing take-up velocity. At 7 -8 km/min, a plateau region occurred at initial strain and tended to lengthen. In the structure of PBT, the conformation of the molecules is
